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Abstract 
Estuaries transform and exchange various forms of dissolved and particulate carbon 
within the water column prior to exportation to the open ocean, efflux to the atmosphere, and/or 
sedimentation.  Three bulk fractions of carbon: particulate organic carbon (POC); dissolved 
inorganic carbon (DIC); and dissolved organic carbon (DOC); and the stable isotopic (δ13C) 
composition of POC and DIC were measured for samples collected along the New River Estuary 
(NRE), NC to evaluate the sources, processing, and transport of carbon within the system.  
Conservative mixing curves for each parameter were analyzed to examine the changing character 
of the carbon pools throughout the estuary.  POC concentrations decreased with distance 
downstream, and simultaneously became isotopically heavier with distance downstream.  The 
inverse relationship for DIC concentration was observed throughout the estuary; however, δ13C-
DIC was more depleted at the head of the estuary compared to the base.  DOC illustrated a 
pattern similar to POC concentration.  Overall, our results support some burial of terrestrial POC 
and respiration of autochthonous POC and imported DOC. 
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Introduction 
Estuaries receive inputs of carbon from watersheds, coastal oceans, atmospheric sources, 
and adjacent intertidal habitats (Cai et al., 1999).  Within the estuary, these carbon loads are 
subject to extensive cycling.  Transformations and exchanges of various forms of dissolved and 
particulate carbon occur within water column and benthic habitats prior to export to the coastal 
ocean, exchange with the atmosphere, and/or burial in sediments (Goñi et al., 2003).  The high 
rates of primary production in estuaries fixes carbon into dissolved and particulate organic 
fractions (Countway et al., 2007), but estuaries are typically net heterotrophic and a source of 
carbon dioxide (CO2) for the atmosphere (Abril et al., 2004).  Net heterotrophy is supported by 
the influx of organic carbon (OC) from surrounding watersheds (Borges et al., 2006; Cai et al., 
2011; Neubauer and Anderson, 2003).  The respiration of terrestrial carbon contributes to a 
subsidy of dissolved inorganic carbon (DIC), which can be augmented by DIC inputs from 
adjacent intertidal marshes and collectively drive CO2 efflux from the estuary to the atmosphere 
(Wang and Cai, 2004; Neubauer and Anderson, 2003).  Compiled estuarine air-water CO2 flux 
data (Borges, 2005) from 44 global coastal environments illustrate that most estuaries were a 
source of atmospheric CO2, though the contribution varied.  Globally scaled estuarine CO2 
degassing rates range from 0.25 to 0.4 PgC y-1 (Cai, 2011; Borges et al., 2005) with error 
estimates almost equivalent to the magnitude of the flux (Laruelle et al., 2010 ).  A recent review 
(Cai, 2011) suggests that while the global estuarine surface area is small, it has a CO2 degassing 
rate (~0.25 Pg C y-1) comparable to the magnitude of CO2 uptake by continental shelves from the 
atmosphere (~0.25 Pg C y-1).   
CO2 exchange between estuaries and the atmosphere is linked directly to a system’s net 
metabolism.  The degree of net metabolism (e.g. net heterotrophy) is driven by the balance 
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between carbon fixation and the respiration rates of both autochthonous and terrestrial OC. 
Autochthonous OC is generated during primary production within the estuary itself from 
macrophytes and phytoplankton (Goñi et al, 2003).  Estuaries vary in many aspects (size, 
residence times, drainage area, freshwater flow, and geomorphology), which are all factors that 
can influence the relative importance of carbon import vs. autochthonous production and extant 
respiration of various carbon species.  While seasonal and location variations apply, high rates of 
primary production can occur with increased nutrient loads and abundant light availability 
(Yoshiyama and Sharp, 2006).  Systems that receive high nutrient loads and low organic matter 
delivery from watershed trend towards net autotrophy, while small nutrient inputs and high 
organic loading favor estuarine heterotrophy (Hopkinson and Smith, 2005).  Even within single 
estuaries, there may be regions of net autotrophy adjacent to those of net heterotrophy with the 
boundaries shifting spatially and temporally (Hopkinson and Vallino, 1995).  Some fraction of 
carbon fixed within the estuary, as well as some of the carbon imported from the watershed, is 
available for burial.  As water moves from watersheds to estuaries, changes in the 
geomorphology and the shift to tidal hydrology can extend water residence times and enhance 
particle settling.  The total global rate of carbon burial is ~237.6 TgC y-1, with estuaries 
accounting for 81 TgC y-1 of the burial yield (Canuel et al., 2012).  Clearly, the carbon source 
distribution and the processes controlling carbon cycling in estuaries have broad implications on 
meaningful spatial scales for carbon exchanges with the atmosphere and for long-term carbon 
burial.   
Three bulk fractions of carbon in estuaries, particulate and dissolved organic carbon 
(POC, DOC), and dissolved inorganic carbon, contain varying degrees of information on 
sources, processing, and transport of carbon through the system.  Previous researchers have used 
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several methods to determine the sources of OC and IC in estuarine ecosystems.  One of these 
approaches, stable isotopes, has proven useful for identifying various source contributions of 
carbon from marshes, watersheds, and/or the in situ carbon processing during transit through the 
estuary.  The flow of carbon within an estuary can be understood by analyzing the natural 
abundance of stable carbon isotopes (δ13C).  Many processes lead to the carbon isotopic 
variations of particulate and dissolved carbon pools within an estuary.   
POC and DOC can be used to determine the fluvial source contributions from 
surrounding ecosystems (Onstad et al., 2000; Raymond and Bauer, 2001).  Typical sources of 
OC are terrestrial soil organic matter and leaf matter, and autochthonous sources, such as 
phytoplankton (Kendall et al., 2001).  Natural abundance of stable carbon isotopes (δ13C) for 
POC is useful given that terrestrial OC is isotopically lighter, marine sources are heavier, and 
very heavy isotope values are derived from benthic primary production (Barros et al., 2010; 
France, 1995).     
For the inorganic fraction, examination of DIC can likewise help identify external carbon 
sources, but also provide additional information on patterns of the production and removal of OC 
via carbon fixation and respiration.  Estuarine sources of DIC include respiration, freshwater 
inputs, marsh inputs, and photo-degradation of DOC (Neubauer and Anderson, 2003).  For the 
natural abundance of δ13C for DIC, river water is isotopically lighter while seawater is 
isotopically heavier, almost in isotopic equilibrium with atmospheric CO2 (Chanton and Lewis, 
1999).   
Despite utility of stable isotopic characterization of carbon pools, there can be 
endmember isotope signature overlap that limits absolute source attribution, or prevents clear 
identification of the suite of processes responsible for shifts in the δ13C of any given pool 
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(Kendall et al., 2001).  Interpretation of the stable isotope distribution in these pools can be 
additionally constrained by simultaneous characterization of multiple carbon pools, and 
additional measurement in the bulk pools, such as chlorophyll a (Chla) and C:NPOC (Bianchi and 
Canuel, 2011). 
The application of conservative mixing curves for isotopic (and non-isotopic) data 
provide a means for examining the changing character of the carbon pools within the context of 
transit through the estuary.  Mixing curves are best applied to broad salinity gradients in systems 
with very different upstream and downstream endmembers (e.g. concentrations, isotope values) 
(Kaldy et al., 2005).  The approach has been used on OC to identify changing inputs and removal 
of isotopically distinct DOC fractions along an estuarine gradient (Peterson et al., 1994).  It has 
also been used in the IC fraction where negative isotopic deviations from conservative DIC 
indicated zones of autotrophic biomass recycling (Kaldy et al., 2005).  Since the isotope mixing 
curve approach can provide indication of both changing carbon inputs and/or carbon processing, 
mixing analysis of coincident non-isotopic measurements can facilitate interpretation of the 
isotope distributions.  When applied at a high temporal resolution (e.g. monthly), using multiple 
carbon fractions could provide a detailed picture of estuarine carbon dynamics. 
This study evaluated the changes of organic and inorganic carbon concentrations and 
compositions to better identify changing carbon sources, and patterns of carbon transformation in 
the New River Estuary, NC (USA).  A combined approach of chemical and isotopic 
characterization of bulk organic and inorganic carbon pools, along with Chla concentration, and 
nutrient content was done on an estuarine scale monthly over a period of 16 months.  Estuarine 
mixing curves were used to interpret the chemical and isotopic distributions of POC and DIC.  
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Material and Methods 
Site Description 
The New River Estuary (NRE) is a small, mid-Atlantic coastal plain estuary located in 
Onslow County, in southeastern North Carolina (Fig 1).  The United States Marine Corps Base 
(MCB) Camp Lejuene, in Jacksonville, NC, surrounds most of the estuary.  Jacksonville, NC is a 
moderate-sized city located near Wilson Bay, on the upper part of the estuary.  NRE has a 
surface area of 88 km2 and a mean depth of 3m (Altman and Paerl, 2012; NOAA, 1999).  The 
estuary is composed of a series of broad, shallow lagoons linked together by narrow channels, 
and is confined by two barrier islands at the mouth in Onslow Bay.  Seawater exchanges from 
Onslow Bay through a single inlet at the mouth.  Freshwater supply is dominated by (>95% ) by 
the New River upstream of Jacksonville, NC.  The flushing time for NRE varies seasonally, 
ranging from 8 – 187 days, with an average of 70 days (Altman and Paerl, 2012; Ensign et al., 
2004).  The average flushing time is 7 days for the neighboring Cape Fear Estuary (Ensign et al., 
2004).  Due to the semi-lagoon state of NRE, with long flushing times permitting nutrient 
assimilation, development of, and estuarine recycling, the estuary experiences periodic plankton 
blooms and seasonal periods of bottom water hypoxia, similar to nearby semi-lagoonal estuaries 
(e.g. Neuse Estuary; Mallin et al., 2005).   
Sampling Stations 
 Eight stations were selected along the estuary, between the upper part of the New River, 
NC near Jacksonville, NC and the tidal inlet of Onslow Bay (Figure 1).  Most of the stations, 
excluding Sta. 6 and Sta. 8, were located within the channel, with a total station distance of 29.3 
km, and each station had little to no adjacent shoreline development.  Intertidal wetlands were 
negligible for stations north of station Sta. 2, with large expanses of Spartina alterniflora 
marshes downstream of station Sta. 2.  Both 
flushed locations due to proximity to the Atlantic Ocean (Mallin et al
Field Sampling 
 Sampling was completed monthly from 
each sample collection varied between months due to weather constraints.  Surface and bottom 
waters were characterized in the field for t
using the YSI 556 Multiprobe System.  Waters were sampled for chemical and isotopic analysis
using a Geotech Geopump Peristaltic Pump Series II.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1.  Map of the New River Estuary, North Carolina, USA.  All numbers indicate stations sampled 
monthly.   
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sampling stations Sta. 1 and Sta. 2 are the best
., 2005).    
Feb 2011 through May 2012.  The tidal cycle of 
emperature, salinity, pH, and dissolved oxygen (DO)
 
-
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Chemical Parameters and Isotopic Analyses 
 Particulate carbon (PC), POC, DIC, DOC, and δ13CPOC and δ13CDIC were collected from 
each site.  Non-carbon sampling included bulk Chla and nutrients.  PC/POC samples were 
collected in duplicate and processed using one of two techniques, on location or in the 
laboratory; all were filtered through pre-combusted 0.7µm glass fiber filter (GF/F) and 
immediately frozen.  In the field, sample water was pumped through the filter using a portable 
filter holder.  For laboratory handling, samples were pumped and stored in 2 L acid-washed 
amber HDPE bottles, transferred on ice, and filtered using a 3-pronged manifold within 8 hours 
of collection.  DIC samples were collected in duplicate directly on site by gently overflowing 
12mL Borosilicate exetainers through a 0.22µm Sterivex filter unit (positive filtration), which 
had been purged of air.  Exetainers were capped over a positive meniscus so there was a bubble 
free sample.  Samples were refrigerated and stored underwater until analysis.  Previous analysis 
of paired DIC samples, filtered and unfiltered, showed no effect of filtration on the δ13CDIC.  
DOC samples were collected in triplicate directly on site by filtering (0.22µm Sterivex) 40ml 
water into an acid-washed pre-combusted amber ICHEM glass vial.  Samples were preserved on 
site with 45µL of 85% H3PO4 to remove inorganic carbon, and refrigerated until analysis.   
 Subsamples of PC filters for isotope analysis were initially dried in a drying oven/freeze 
dryer, and then analyzed using an Elemental Analyzer/Isotope Ratio Mass Spectrometer 
(EA/IRMS) with a triple cup collector.  Corresponding PC subsamples were later acidified to 
remove potential carbonate sources yielding only POC.  The acid fumigation method used 
(Komada et al., 2008) demonstrated no loss of OC while successfully eliminating carbonate.  To 
summarize, the subsamples were stored in muffled glass petri dishes, moistened with 50 – 80µL 
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of milli-q water, and placed is a desiccator above 20 – 30mL of 12 N HCl for 24 hours.  The 
filters were transferred and dried for 24 – 48 hours at 60°C and analyzed on the Elemental 
Analyzer Isotope Ratio Mass Spectrometer (EA/IRMS) to determine δ13CPOC.  For δ13CDIC 
analysis, 0.75 – 1.5mL subsample was injected into an acid-washed exetainers, flushed with 
ultra-pure helium, and spiked with 40µL of 85% phosphoric acid, transforming carbonate to 
CO2.  The samples were analyzed on a Gas Bench/Isotope Ratio Mass Spectrometer (GB/IRMS) 
to determine δ13CDIC.  Only DIC surface waters were analyzed for Sept 2011, Nov 2011, Dec 
2011, Feb 2012, Apr 2012, and May 2012 due to little variation (~3) in salinities between surface 
and bottom waters.  All carbon isotopic compositions (δ13C-PC, δ13C-POC, and δ13C-DIC) are 
expressed relative to the Vienna Peedee Belemnite (V-PDB) standard. 
δ
13C = [(Rsample/Rstandard)-1] * 1000 
where R is the ratio of heavy isotope mass to the light isotope mass of carbon (13C/12C).  PC, 
POC, and DIC are also expressed in terms of concentration (µM).  DOC concentrations were 
measured by high temperature combustion using a Shimadzu PC-Controlled Total OC Analyzer 
(Benner and Strom, 1993).  Every five samples, high-purity water blanks were run to confirm 
that carryover between samples was negligible.  All samples, instrument blanks, and method 
blanks were sampled in triplicate for each monthly analysis.  Only surface waters were analyzed 
starting Sept 2011 due to similarities (~3) between surface and bottom water DOC 
concentrations.   
Chla samples were collected in a similar method to PC/POC samples, either in the field 
or in the lab, and all were filtered through a pre-combusted 0.7µm GF/F and immediately frozen.  
Chla was extracted overnight in 90% acetone and measured with fluorescence on the Hitachi 
Spectrophotometer U-3010 (Lorenzen, 1967).  Dissolved inorganic nitrogen (DIN) samples 
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(nitrate and nitrite) were collected in duplicate directly on site by partially filling acid-washed 
20mL plastic scintillation vials through a 0.22µm Sterivex filter unit, which were immediately 
frozen.  All samples were analyzed on the SmartChem 200 (Westco Scientific Instruments) 
automated analyzer. 
Sediment samples were collected during Oct 2012 from stations 1 – 4 with three grabs at 
each station in duplicate of approximately 3mm using a Ponar Grab or an Ekman Sediment Grab, 
stored in an acid-washed 20mL plastic scintillation vial, and immediately frozen.  After being 
dried for 3 days in a drying oven, subsamples were analyzed on the EA/IRMS for δ13COC and 
%OC, and the GB/IRMS for δ13CIC and %IC using methods similar to PC/POC and DIC 
samples.  
Data Analysis 
Mixing Curves 
Along the estuarine salinity gradients, end-member mixing curves were constructed for 
all C pool concentrations and δ13C values.  Salinity based conservative mixing lines were 
generated according to equations given by Fry (2002).  At each station a predicted concentration 
and δ13C was calculated based on fractional contributions of an upstream (riverine) end-member 
and a downstream (marine) end-member.  Stations 7 and 8 were averaged and used as the lowest 
salinity for the riverine end-member for all calculations.  Station 1 served as the marine end-
member in all calculations.  The predicted carbon concentrations were calculated from the 
measured salinity values during each sampling.  For each value, equation 1 was used to calculate 
the predicted concentration due solely from a conservative mixture of riverine and seawater end-
members (Ci): 
 Ci = fOCO + (1 – fO) * CR (1) 
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where C is concentration, subscript-i is the value for an individual station, subscript-R is the 
riverine (upstream) end-member, subscript-O is the ocean (seawater) end-member, and fO is the 
fraction of seawater: 
 fO = (Si – SR)/(SO – SR) (2) 
 
where Si is the salinity for an individual station, SO is the oceanic salinity end-member, and SR is 
the riverine measured salinity.  The distribution of values along the salinity gradient serves as the 
conservative mixing line against which the measured concentrations were compared.  For the 
isotope conservative mixing lines, equation 2 was also used to calculate fractional contributions 
of riverine and seawater endmembers (fR and fS).  Equation 1 is replaced with equation 3 to 
calculate the predicted δ13C value for the given salinities (Fry 2002):   
 
 δi = [fO * COδO + (1 – fO) * CRδR]/Ci (3) 
 
where δR is the riverine isotopic end-member and δO is the isotopic end-member for the ocean.  
Unlike conservative mixing curves for concentration (C vs. salinity), isotopic conservative 
mixing curves (δ vs. salinity) in estuaries are typically curvilinear due to the weighted 
concentration-based end-members (Fry, 2002). 
Results 
Salinity, nutrients, and chlorophyll a 
The NRE was vertically well mixed with respect to salinity at all times of the year in the 
lower estuary downstream of Station 3.  Above Station 3, weak stratification (thermal) was 
generally observed in the summer, but the strongest periods of stratification were coincident with 
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discrete freshwater inputs from the watershed in Feb and Sept 2011, with a smaller input in Mar 
2012.  The freshening of the upper estuary lasted on the order of 3 months for the Feb and Sept 
2011 events and 1 month for the Mar 2012 event (Figs 2 and 3).  The Chla maximums, up to 
75µg Chla L-1 in the surface waters and 50µg Chla L-1 in bottom waters, were measured in Aug 
and Sept 2011.  This summer Chla max preceded and extended through an input of freshwater in 
Sept 2011.  The upper estuary peak DIN concentrations (6µM) lagged both the drop in salinity 
and the Chla max by 1-2 months and occurred in Nov 2011.  Unlike the Chla max, which was 
confined to regions upstream of Station 4, elevated DIN extended throughout the lower estuary 
as well (Oct and Nov 2011).  A 2µM rise in DIN was observed in the upper estuary before and 
during the smaller freshwater input in Mar 2012, which was not accompanied by changes in 
Chla.  Notably, no changes in Chla or DIN were associated with the largest freshening in the 
winter (Feb 2011).   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2. Data in panels A-C represent averages for surface water conditions
represent the sampling locations and times. Data at 29.31 km are means from Stations 7 and 8.  (A)  Space
time contour plot of surface water salinity.  The y
Estuary.  (B) Dissolved inorganic nitrogen (DIN) and (C) 
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 (~1m).  Black dots in all panels 
-axis is the distance from the mouth of the New River 
Chla. 
-
Fig 3.  Data in panels A-C represent averages for bottom water conditions
represent the sampling locations and times. Data at 29.31 km are means from Stations 7 and 8.  
time contour plot of surface water salinity.  The y
Estuary.  (B) Dissolved inorganic nitrogen and (C)
 
POC and δ13C-POC Distributions
Regardless of month, the POC concentrations decreased with 
(Figs 4A, 5A).  The lowest concentrations throughout the estuary were observed during the 
winter in both surface and bottom waters.  The highest POC concentration was 
surface waters during late summer to early fall when 
13 
 
 (~2m).  Black dots in all panels 
-axis is the distance from the mouth of the New River 
 Chla. 
 
distance down the estuary 
meas
Chla peaked in the upstream stations.  
(A)  Space-
ured in 
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During this period, surface water POC exceeded bottom water POC by a factor of 1.5.  The POC 
concentrations in the upper estuary strongly reflected the high levels of primary production as 
evidenced by the summer/fall Chla max.  Using the 200-300µM POC measured in Aug/Sept 
2011, and assuming a conservative C:Chla ratio of 30, we estimated that autotrophic biomass 
during this period comprised about 2/3 of the total POC pool.  In contrast to regions upstream of 
Station 4 where surface POC was greater than or equal to bottom water concentrations, the lower 
estuary consistently had POC bottom water concentrations 20-40µM higher than the measured in 
surface waters at each station (Figs 4A, 5A).   
 Overall, both surface and bottom waters were more δ13C-POC enriched in the lower 
estuary, relative to upstream (Figs 4C, 5C).  In the upper estuary, δ13C-POC show marked shifts 
between the phytoplankton dominated summer and low Chla fall/winter periods.  When 
autotrophic biomass and total POC was highest, the δ13C-POC ranged from -27 to -25‰.  Soon 
after the POC concentrations fell below 100µM in the fall, the δ13C-POC of the upper estuary 
dropped to values between -29 and -31‰.  This shift to isotopically lighter POC in the 
fall/winter was observed in both surface and bottom waters, but was more pronounced in surface 
(Figs 4AC, 5AC).  A similar isotopic depletion in the POC pool from summer to winter was 
observed in the lower estuary.  Downstream of Station 3 (the lower 1/3 of the estuary), the higher 
POC concentrations in the summer had a δ13C-POC range of -20 to -24‰ that dropped to values 
between -23 and -26‰ when POC concentrations fell through the fall/winter as autotrophy 
decreased.   
Fig 4.  Data in panels A-C represent averages for surface water PC/POC.  
sampling locations and times.  Data at 29.31 km are means from Stations 7 and 8.  (A)  Space
of surface water POC concentration.  The y
δ
13CPC and (C) δ13CPOC for Apr 2011 
 
Analysis of the total suspended particulate carbon  pool (PC) that included both organic C 
and carbonates  revealed a significant contribution of carbonate to the PC pool at and below 
station 3 (Figs 4BC, 5BC).  The non
heavier than the acidified δ13C-POC 
B 
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Black dots in all panels represent
-axis is the distance from the mouth of the New River Estuary.  (B) 
– May 2012. 
-acidified δ13C-PC values were, on occasion, up to 7‰ 
fractions (Figs 4BC, 5BC).  The largest differences in the 
 
 the 
-time contour plot 
δ
13C-PC vs. δ13C-POC were measured in bottom waters
region of the estuary showed high IC
from -1‰ at Station 3 to 0.2‰ at the lowermost Station 1 (Table 1).  
consistent with the possibility that higher IC:OC sediments were 
column; particularly bottom waters.  The 
acidified) were equivalent for all samples collected upstream of and including Station 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.  Data in panels A-C represent averages for bottom water PC/POC.  Black dots in all panels represent the 
sampling locations and times.  Data at 29.31 km are means from Stations 7 and 8.  (A)  Space
of surface water POC concentration.  The
δ
13CPC and (C) δ13CPOC for Apr 2011 
B 
16 
 
.  Sediments collected in this lower 
:OC ratios with heavy δ13C-carbonate signature ranging
These values were 
re-suspended into the water 
δ
13C-PC and δ13C-POC values (i.e. non
 
 y-axis is the distance from the mouth of the New River Estuary.  (B) 
– May 2012.    
 
-acidified vs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-time contour plot 
Table 1.  The δ13C for OC and IC, %OC, and %IC, and C/N
Oct 2012 along the NRE.  A separate marsh sample for comparison is listed last.  Standard deviation indicated 
in parenthesis.  
 
DIC and δ13C-DIC Distributions
 Surface water DIC concentrations exhibited the 
the mouth of the estuary that decreased with distance upstream (
dominated DIC pool in the lower estuary was more isotopically enriched with the Station 1 
δ
13C-DIC ranging from 0 to -1.5‰ at all times
DIC values were on the order of 1
equilibration and bi(carbonate) speciation fractionations suggesting contributions of DIC from 
respired organic matter even in the marine endmember.  Upstream DIC concentrations and 
DIC both correlated negatively with freshwater inputs.  During periods of higher freshwater 
input (e.g. Feb/Mar and Sept/Oct 2011
50% lower than values measured at Station 1 (1100
(e.g. Sept 2011) were accompanied by lower 
6B).  The lowest δ13C-DIC values were measured in the upp
freshening relative to the Feb/Mar 2011 freshening even though there was a larger drop in 
17 
 
OC of sediment for stations 1 – 4 sampled during 
 
inverse trend of POC, with higher DIC at 
Fig 6A).  The larger seawater 
 (Fig 6B).  Even at the highest salinities, the 
-2‰ lighter than that δ13C-DIC expected purely from air CO
; Fig 2A), DIC concentrations in the upper estuary were 
-1400µM).  These lower DIC concentrations 
δ
13C-DIC values that ranged from -
er estuary during the 
 
δ
13C-
2 
δ
13C-
6 to -8‰ (Fig 
Sept 2011 
salinity during Feb/Mar 2011 (Figs 2A, 6B)
was detected in the upper estuary in Nov 
apparent variation in DIC concentration or substantial changes in freshwater input.  In the mid to 
lower estuary, the periods of higher 
isotopically heavier seawater DIC encroaching up the estuary. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6.  Data in panels A and B represent averages for surface water DIC.  Black dots in all panels represent the 
sampling locations and times.  Data at 29.31 km are means from Stations 7 and 8.  (A)  Space
of surface water DIC concentration and (B) 
River Estuary.  Surface data is representative of bottom data values
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.  A small drop in the δ13C-DIC on the order of 
2011 and Mar 2012 that did not accompany any 
δ
13C-DIC largely reflected the relative amount of 
 
δ
13CDIC.  The y-axis is the distance from the mouth of the New 
. 
2‰ 
-time contour plot 
DOC Distribution 
 DOC was dominantly controlled by inputs from the watershed.  Surface water 
concentrations of DOC were consistently highest in the upper estuary (Fig 7)
concentrations in the upper estuary occurred during two freshening events in 
(Fig 7).  There was evidence though of rising DOC concentrations in the region of the high 
primary production (upper estuary) in the late summer prior t
watershed in Sept 2011.  A small increase in the DOC concentration in Dec 11 and Mar 12 was 
measured in the upper estuary that
not accompanied by any changes in 
isotopic depletion in δ13C-DIC (Figs 2A, 6B,
concentrations dropped by about 50% from the top to the bottom of the NRE.  
 
 
 
 
 
 
 
 
 
Fig 7.  Data represents averages for
in all panels represent the sampling locations and times. 
The y-axis is the distance from the mouth
data values. 
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.  Peak DOC 
Mar
o delivery of DOC from the 
 appeared to be independent of freshwater delivery and was 
Chla.  It was coincident with higher DIN and a small 
 7).  Regardless of upstream concentration, the DOC 
 
 a space-time contour plot of surface water DOC concentration. 
 Data at 29.31 km are means from Stations 7 and 8.  
 of the New River Estuary.  Surface data is representative of bottom 
 and Sept 2011 
 Black dots 
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Mixing Curves 
The conservative or non-conservative behavior of POC, δ13C-POC, DIC, δ13C-DIC, and 
DOC was assessed using salinity-based mixing curves.  All mixing curves for all months are 
contained in the Appendices.  Station 1 served as the marine endmember for all curves, and the 
average of Stations 7 and 8 for every month served as the upstream endmember.  At no time was 
the upstream endmember a true “freshwater” endmember.  The upstream anchor for the mixing 
curve ranged in salinity from a low of 7.91 in Feb 2011 to a high as 24.99 in Aug 2011.  
Therefore, the plots assess conservative mixing as a variable low salinity water parcel located at 
Station 7/8 with the marine endmember (Station 1) during transit through the estuary.  The term 
“conservative mixing” is used in this study to include any data points that fall on or within the 
bounds of error calculated around the conservative mixing lines for each analyte or isotope for 
each month.  Non-conservative behavior (subsidy of deficit for concentrations; and enrichment 
or depletion for isotopes) was represented by deviation of data from the mixing line.  Data points 
on Figs 8, 10, 12, 14, 16, 18, and 20 show the differences (cap delta; ∆) between measured 
values and those predicted by each mixing line. 
The specific mixing plots for individual months where non-conservative behavior was 
observed (i.e. a ± ∆ value that exceeds the error on the conservative mixing line) are shown in 
Figs 9, 11, 13, 15, 17, 19, and 21.  For the concentrations, this error estimate (dashed lines on the 
mixing plots)  represents the standard errors on the concentration measurements of the upstream 
and downstream endmember propagated through the mixing calculation for each salinity.  For 
the isotope plots, the estimate of error was calculated as the square root of the sum of squares of 
individual standard errors for both concentration and the δ13C measurements. 
 
POC and δ13C-POC 
Over 80% of the surface water 
showed a non-conservative deficit of POC in the estuary (Fig
conservatively during the winter from Dec 2011 
occurred in the spring, summer, and fall.  Eight of the 14 months sampled exhibited the non
conservative deficit in POC below the conservative mixing lines (Fig 9).  The
POC was measured in Nov 2011 synchronous with periods of higher DIN (Fig 2) that were not 
associated with watershed inputs.
POC in excess of that predicted by conservative mixin
 
Fig 8.  Surface ΔPOC concentrations for all stations, all times. 
on predicted POC concentrations (Δ
month. 
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∆POC values reflected either conservative mixing or 
 8).  Surface water POC behaved 
– Mar 2012.  The periods of POC deficit 
 largest deficit in 
  Less than 10% of the ΔPOC values represented a subsidy of 
g.       
 Grayed area denotes mean 5% calculated error 
POC = 0) for all months.  Error estimates ranged from 3 
-
– 7% depending on 
  
Fig 9.  Months where non-conservative surface water POC (concentration) mixing was measured in excess of 
the estimated error (dashed lines) on the conservative mixing lines (solid lines).
 
About 60% of the bottom water 
When non-conservative behavior was observed, there was a more equitable distribution between 
months with an apparent POC subsidy (above the mixing line) and those with a POC deficit 
(below the mixing line) than what was measured
Apr 2012, Nov 2011) showed large deficits in the in the 
POC originating in the upper estuary (Fig 11).  Unlike surface waters that never showed clear 
patterns of POC subsidy, the bottom water
non-conservative excess of POC (Fig 11).  This bottom water POC subsidy co
period of highest phytoplankton biomass in the mid estuary bottom waters (Fig 3). 
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∆POC values adhered to conservative mixing 
 surface water.  Some months (e.g. Apr
∆POC equivalent to >50% of the total 
s in Aug 2011 and Sept 2011 were characterized by a 
-occurred with the 
(Fig 10).  
 2011, 
 
Fig 10.  Bottom ΔPOC concentrations for all stations, all times. 
on predicted POC concentrations (Δ
month. 
 
Fig 11.  Months where non-conservative bottom water POC (concentration) mixing was measured in
the estimated error (dashed lines) on the conservative mixing lines (solid lines).
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 Grayed area denotes mean 5% calculated error 
POC = 0) for all months.  Error estimates ranged from 3 
 
– 7% depending on 
 excess of 
 Surface water δ13C-POC was dominated by conservative mixing in over ¾ of 
sampled (Fig 12).  Conservative 
2012, When the δ13C-POC was non
was enriched.  Enrichments as high 
conservative δ13C-POC enrichment above that predicted by co
(Fig 13).  The months of non-conservative enriched 
characterized by a non-conservative subsidy of POC
samples, no depleted δ13C-POC values (below the isoto
 
 
 
Fig 12.  Δδ13C-POC isotopes for all surface stations, all times. 
predicted POC δ13C values for all months. 
24 
 
δ
13C-POC dominated in the winter from Dec 2011 through Mar 
-conservative in the spring, summer, and fall, the 
as 5 per mil were detected (Sept 2011), but typically the non
nservative mixing 
δ
13C-POC were also the months 
 (Figs 10, 13).  Aside from a few isolated 
pe mixing line) were measured.
 Grayed area denotes mean error of ±
 
the months 
δ
13C-POC 
-
averaged 1-3‰ 
 
0.75‰ on 
  
 
 
 
 
Fig 13.  Months where non-conservative surface water 
estimated error (dashed lines) on the conservative mixing lines (solid lines).
 
Bottom water δ13C-POC showed the 
either conservative or isotopically enriched relative to predicted values based on conservative 
mixing (Fig 14).  Only a few isolated depleted 
six months where non-conservative enriched 
enrichment was on the same order (
15).  The largest enriched deviation from conservative mixing, as seen in the surf
measured in Sept 2011.  Conservative 
 
 
25 
 
 
 
δ
13C-POC mixing was measured in excess of the 
 
same pattern as surface water.  The 
∆δ
13C-POC values were measured.
δ
13C-POC was found in bottom waters, the 
1-3‰) as the enrichments measured in surface waters (
δ
13C-POC mixing dominated bottom waters in the winter.
 
 
 
 
 
 
δ
13C-POC was 
  During the 
∆δ
13C 
Fig 
ace waters, was 
 
  
 
 
 
 
 
 
 
Fig 14.  Δδ13C-POC isotopes for all bottom stations, all times.  Grayed area denotes mean 
predicted POC δ13C values for all months. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 15.  Months where non-conservative bottom water 
estimated error (dashed lines) on the conservative mixing lines (solid lines).
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error of ±0.75 ‰ on 
 
δ
13C-POC mixing was measured in excess of the 
 
27 
 
DIC and δ13C-DIC  
The ∆DIC values scattered above and below the conservative mixing lines within and 
between months, and with little clear indication of consistent non-conservative behavior (Fig 16).  
Despite many of measured ∆DIC on the order of +/- 80µM, these apparent deviations from 
conservative mixing were still within the estimate of error on the mixing lines.  Only Aug and 
Oct 2011 showed non-conservative behavior in excess of the estimated error, and reflected a 
small subsidy in DIC in the estuary (Fig 17), which exceeded 100µM.   
 
 
 
 
 
 
 
 
 
 
 
 
Fig 16.  ΔDIC concentrations for all stations, all times.  Grayed area denotes mean 5% calculated error on 
predicted DIC concentrations (ΔDIC = 0) for all months.  Error estimates ranged from 3 – 7% depending on 
month. 
 
 
 
 
 
∆
DI
C 
µ
M 
  
 
 
 
 
 
 
Fig 17.  Months where non-conservative DIC (concentration) mixing was measured in excess of the estimated 
error (dashed lines) on the conservative mixing lines (solid lines).
 
The ∆δ13C-DIC similarly scattered above and below the conservative mixing lines within 
and between months, and were predominantly within the error on the
18).  Only Aug, Oct, and Nov 2011 
19).  In all cases, the δ13C-DIC was 
values predicted by conservative mixing.  This Aug 
high DIN (Fig 2), likely from mineralization
isotopic depletion in δ13C-DIC was accompanied by a 
 
 
 
 
 
 
 
 
Fig 18.  Δδ13C-DIC isotopes for all stations, all times. 
DIC δ13C values for all months.  
∆D
IC-
δ
13
C 
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 isotope mixing lines (Fig 
clearly showed non-conservative δ13C-DIC behavior 
isotopically depleted by more than 0.5 to 1 ‰ 
– Nov 2011 period was characterized by 
 and in Aug 2011 and Oct 2011 specifically, the 
∆DIC subsidy (Fig 18).  
 Grayed area denotes mean error of ±0.3
(Fig 
relative to 
‰ on predicted 
  
 
 
 
 
 
 
 
 
Fig 19.  Months where non-conservative 
(dashed lines) on the conservative mixing lines (solid lines).
 
DOC   
The DOC pool was characterized by 
concentrations predicted by conservative mixing in the estuary (Fig 20).  In particular, 90% 
summer and fall ∆−DOC values were below the mixing lines
showed clear patterns of non-conservative
DOC was less that that predicted by c
months were disbursed throughout the year, including winter, with the la
in Jul and Sept 2011.  
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δ
13C-DIC mixing was measured in excess of the estimated error 
 
∆-DOC values strongly skewed below 
.  Six of the months sampled 
 DOC behavior in the estuary.  In all cases measured 
onservative mixing by 50 to 130µM (Fig 16)
rgest deficits occurring 
.  These 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 20.  ΔDOC concentrations for all stations, all times.  Grayed area denotes mean 3% calculated error on 
predicted DOC concentrations (ΔDOC
month. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 21.  Months where non-conservative DOC (concentration) mixing was measured i
error (dashed lines) on the conservative mixing lines (solid lines).
 
 
∆D
OC 
µM 
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 = 0) for all months.  Error estimates ranged from 1 – 
n excess of the estimated 
 
 
5% depending on 
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Discussion 
The spatial and temporal distribution of the POC, δ13C-POC, DIC, δ13C-DIC, and DOC 
combined with the assessment of non-conservative transport using the mixing curves permitted 
estuarine scale assessment of carbon sources and processing in the NRE.  The POC and DOC 
pools were characterized by changing source contributions and periods of significant processing 
in the NRE.  Changes in the DIC pool were more subtle but did provide some indication of 
periods of enhanced heterotrophy.  
POC 
POC is a heterogeneous composition that reflects the differing local carbon sources 
(Schultz and Calder, 1976; Kendall et al., 2001; Middleburg and Herman, 2007), with the mouth 
of the estuary more marine influenced and the mid stations more terrestrially influenced.  The 
δ
13C-POC and C/N ratio distribution reflect this generality in the NRE, although overlap between 
δ
13C-POC signatures – terrestrial C3 organic carbon (-32 to -22‰), marine phytoplankton (-30 to 
-17‰), and freshwater phytoplankton (-35 to -25‰) – prevents specific identification of source 
organic carbon contributions (Kaldy et al., 2005; Maksymowska et al., 2000).  All C:N values for 
all months are contained in the Appendices.  The range of δ13C-POC values measured in this 
study concurs with research completed on other estuarine systems.  Thornton and McManus 
(1984) reported δ13C-POC values for marine POC of -22 to -18‰ for the Tay Estuary, Scotland.  
The river influenced European Atlantic coast had a POC isotopic composition of -31 to -19‰ 
(Middleburg and Herman, 2007), while the York River Estuary, VA contained δ13C-POC isotope 
values between -31 to -27.4‰ in the oligohaline zone (Raymond et al., 2000).  
Compared to other estuaries, the NRE receives relatively little POC delivery from the 
watershed (Middleburg and Herman, 2007; Mallin et al., 2005).  The Neuse River Estuary, a 
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neighboring system, exhibits a similar POC concentration range as the NRE, but larger POC 
loads in its fresh headwaters (Paerl et al., 2001).  Although the “blackwater” of the New River is 
rich in DOC, it carries a relatively small load of total suspended sediment (TSS) (<10 mg L-1) 
and POC during normal flow conditions (MARDIS, 2007).  The low concentration, isotopically 
light, higher C:N ratio (7 to 11) wintertime POC in the NRE represented a baseline organic 
matter inventory supplied primarily from the watershed.  The observed isotope values are 
consistent with terrestrial C3 plants (eg. deciduous and coniferous trees) as well as freshwater 
phytoplankton (Kaldy et al., 2005).  The low Chla in the winter further indicated minimal 
contributions to the POC pool from estuarine autotrophy or autotrophic riverine biomass.  Even 
during higher discharge periods in the winter, the amount of POC found in the NRE increased by 
only 20-40% suggesting a relative insensitivity, except during extreme events, of the terrestrial 
POC flux to elevated discharge.  Freshwater delivery of nutrients in the winter did not result in 
an increase in phytoplankton POC production, but instead delivered smaller additional amounts 
of terrestrial POC characterized by light δ13C-POC of -29 to -32 ‰ and C:N ratios > 10.  This 
seemingly small contribution of terrestrial carbon even under marginally elevated discharge 
conditions is atypical of nearby estuaries such as the Cape Fear and the Neuse River estuaries 
whose watershed areas are larger and more extensively developed.  The terrestrially-derived 
POC load to the NRE is also small relative to terrestrial POC contributions reported for estuaries 
of similar size  in the mid and SE Atlantic , USA and European estuaries.  All of these other 
estuaries have higher levels of development in their watersheds (Middleburg and Herman, 2007; 
Otero et al., 2000; Maksymowska et al., 2000; Zetsche et al., 2011).  However, the NRE reflects 
regional land use typical from southern VA to GA, where rivers feeding estuaries are blackwater, 
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rich in DOC of variable lability, transport agriculturally derived nutrients, but are poor in POC 
loads.   
      The baseline low level of watershed POC input was swamped in the summer by in situ 
primary production.  The building of phytoplankton derived POC began slowly in the late spring 
even when riverine nutrient delivery was low.  Unlike wintertime high discharge events, which 
resulted in some additional delivery of terrestrial carbon, but no enhancement of autochthonous 
POC production, higher discharge periods during the summer, resulted in high rates of 
phytoplankton production, which tripled the NRE POC inventory and dropped the seston C:N 
ratio to 5-7.  The δ13C-POC values were typical of estuarine autochthonous POC at this time (Fry 
and Sherr, 1984).  Based upon the changes in Chla, C:N, POC inventory, the mean estuarine 
δ
13C-POC of -24‰, and the δ13C of the marine POC endmember of -22‰, at least 2/3 of the 
POC in the late summer was composed of recently fixed estuarine phytoplankton carbon.  
Because much of the increase in POC was found in the upper estuary, it is possible that some of 
this increase in biomass could represent riverine autochthonous production that was transported 
downstream.  Changes in discharge had little effect on the terrestrial POC delivery regardless of 
season, but the timing of discharge (and associated DIN) mattered in terms of estuarine 
autochthonous C-fixation (i.e. estuarine primary production).  Discharge had little effect in the 
winter on primary production, but did in the summer where it resulted in enhanced C-fixation.  
Additional lateral inputs of different organic carbon sources (other than riverine or 
autotrophic) of POC were not detectable.  The shoreline bordering the NRE below station 3 is 
populated by some Spartina spp. marsh, but we could not identify inputs of marsh POC using the 
δ
13C-POC isotopes as has been done in systems with higher marsh to open water ratios (Fry and 
Sherr, 1984; Bianchi et al., 2011).  Based upon the observed POC inventory, the δ13C-POC 
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values in the lower estuary, the marsh sediment δ13C-POC endmember of -17.6‰, and an 
estimated uncertainty of 0.5‰ in the δ13C-POC measurements (Table 1), any marsh 
contributions of POC must either be less than 10% of the POC pool, or the contributions are 
masked by a limited number of samples (Station 1 is used as the endmember in the mixing plots 
and not assessed for non-conservative δ13C-POC behavior)  in the marsh-rich part of the NRE.  
Select δ13C-POC measurements from offshore  (Onslow Bay; n=5) however, were not 
significantly different than those collected at Station 1, so it appears that input of marsh derived 
POC must be very small.  The most downstream stations may have been influenced by sediment 
resuspension.  These very low POC zones had an isotopically enriched un-acidified fraction (PC) 
relative to upstream (Figs 4 and 5), and bottom waters were more enriched than surface waters.  
The relatively heavy δ13C in the un-acidified PC fraction at these stations indicated the input of 
carbonates into the water column, which were consistent with high IC:OC sediment 
compositions at these stations.  The sediment resuspension could have the net effect of injecting 
some heavier δ13C-POC into the water column although the concentrations were small.  
Differences between the δ13C-POC and δ13C-PC fractions were negligible at the upstream 
stations indicating that sediment resuspension played no role in the POC composition above 
Station 3.   
The elevated POC inventory in the spring-fall increased C export to the coastal ocean, but 
not proportionally in regards to the change in the POC inventory for all seasons.  During the 
winter, the export of the terrestrially derived POC was conservative and therefore proportional to 
the residence time(s) in the NRE.  The mixing curves indicated a moderate to strong sink for 
POC in the estuary when the POC was dominated by autochthonous production during this 
period.  Downstream POC values reflected approximately a 50-100µM deficit in POC in the 
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lower estuary relative to concentrations predicted by conservative transport.  Based upon the 
shape of the mixing curves (Officer and Lynch, 1981), approximately 30 to 70% of the POC in 
the upper estuary in the summer/fall (i.e. recently fixed C) was “consumed” during downstream 
transport prior to export.   
There are a few possible explanations for the non-conservative POC loss in the spring-
fall.  Cai (2011) and Canuel et al. (2012) estimated high rates of POC trapping (and subsequent 
burial) on the order of 81 TgCy-1 globally.  These compilations were based on estuaries where a 
larger percentage of POC load is terrestrial and presumably more recalcitrant than what we 
observed in the NRE. An alternate explanation is that the POC deficit resulted from enhanced 
mineralization of POC.  Particularly in the fall when strong POC deficits were measured, there 
was a rise in DIN dominated by NH4+ during a period of declining Chla that was consistent with 
enhanced mineralization.  Within this period, (Aug to Nov 2011) were the only times when a 
DIC subsidy could be detected.  This DIC subsidy was concurrent with an isotopic depletion of 
the δ13C-DIC pool characteristic of adding light phytoplankton derived (or terrestrial) carbon to 
back to the DIC pool through mineralization.  The non-conservative behavior of δ13C-POC 
during this period, indicated an isotopic enrichment of the bulk POC pool.  Previous explanations 
for non-conservative δ13C-POC enrichment such as marsh inputs or sediment resuspension are 
unlikely in the NRE (Hoffman and Bronk, 2006).  This δ13C enrichment could be consistent with 
a winnowing of terrestrially derived light δ13C and settling of that material.  However, no non-
conservative isotopic enrichment of POC was found in the winter when the whole POC pool was 
characteristically terrestrial.  The loss of POC and simultaneous isotopic enrichment of the POC 
pool would also be consistent with grazing whereby total POC would decrease and the POC pool 
would acquire the more δ13C-rich signal of the consumers.  Dinoflagellates, which can function 
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heterotrophically, were in bloom in Sept 2011 when the δ13C-POC subsidy was greatest, but 
beyond that we have no independent evidence of the amount of grazer biomass contributing to 
the bulk POC.  The non-conservative δ13C-POC enrichment may or may not be consistent with 
mineralization.  Because the POC pool is a mixture of sources (e.g. terrestrial and 
autochthonous), there is likely selective mineralization of some fraction.  Preferential 
mineralization of isotopically light terrestrial material would produce the observed δ13C 
enrichment but that seems unlikely given the higher C:N of the terrestrial input and conservative 
POC behavior in the winter when the POC pool was terrestrially dominated.  Selective 
respiration of the more labile phytoplankton derived material would leave behind isotopically 
light residual terrestrial, opposite to the δ13C trend observed (Kendall et al., 2001; Cifuentes et 
al., 1988).  Several phytoplankton decomposition experiments, albeit done ex situ, and/or done 
over long time periods in sediments, indicate preferred bacterial consumption of isotopically 
heavy amino acids and carbohydrates over δ13C-light lipids; which again would leave behind 
δ
13C light POC – the opposite of what was observed (Lehmann et al., 2002).  Some studies do 
indicate an initial enrichment of δ13C during decomposition (Chmura and Aharon, 1995), 
attributable in some instances to the addition of δ13C heavy microbial biomass (Macko and 
Estep, 1984).  C:N ratios during this enrichment period were below 6 suggesting significant 
microbial contributions to the POC pool.  The higher DIN in the fall when the δ13C-POC 
enrichment was largest may permit bacteria to decouple C and N uptake; drawing on more 
reduced isotopically light lipid fractions from phytoplankton coupled with  inorganic N uptake 
from the dissolved phase (Hopkinson and Vallino, 1995).  Alternate explanations include, 
selective mineralization of isotopically light riverine autochthonous organic matter (Goñi et al, 
2003; Smith and Hollibaugh, 1993) or loss of terrestrial OC absorbed to particles through 
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exchange with the heavier estuarine derived POC in the upper estuary (Kendall et al., 2001; 
Middleburg and Herman, 2007).  We cannot fully resolve the mechanism behind the concurrent 
POC deficit and δ13C-POC enrichment, but it may highlight important differences between 
laboratory organic matter degradation studies and water column POC dynamics in situ.    
DIC 
The spatial and temporal distributions of DIC and δ13C-DIC were strongly linked to 
salinity.  Fresh waters supplied low DIC depleted in δ13C  and marine waters supplied high DIC 
enriched in δ13C.  The range of DIC concentrations was consistent with reports from other mid 
latitude and subtropical estuaries of similar salinity distribution (Middleburg and Herman, 2007; 
Raymond et al., 2000; Neubauer and Anderson, 2003, Chanton and Lewis, 1999).  The NRE 
δ
13C-DIC values were 1 to 2‰ heavier than portions of other estuaries with documented large 
DIC inputs from wetlands, (Raymond et al., 2000; Neubauer and Anderson, 2003), or more 
urbanized estuaries (Middelburg and Herman, 2007) suggesting less DIC from organic matter 
mineralization in the NRE.  Delivery of DIC from the New River represented a combination of 
DIC from weathering and mineralization of organic matter transported via the fresh surface and 
ground waters (Raymond et al., 2000; Hellings et al., 2000; Wang and Cai, 2004; Wachniew, 
2006) mixed with seawater bicarbonate.  Research has indicated that much of the DIC from 
rivers comes from carbonate rock dissolution in the watershed, which could be a possible source 
of DIC near the freshwater inlets of the estuary (Sta. 6-8; Bianchi, 2007).  Benthic respiration 
and respiration within the water column are also likely sources of DIC within the estuary, 
(Neubauer and Anderson, 2003).  High discharge periods injected low DIC, low δ13C-DIC into 
the upper NRE.  When discharge was high in the summer, when POC and DOC concentrations 
were highest, the δ13C-DIC value was further depleted by the addition respired light organic 
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carbon.  There was a measurable subsidy of DIC, rise in DIN, and drop in δ13C-DIC at this time; 
indicative of enhanced respiration and presumably a rise in CO2 efflux to the atmosphere (Fisher 
et al., 1998; Hellings et al., 2001).   
Because the DIC concentration was dominated by the high DIC seawater input, a baseline 
DIC delivery from the watershed was difficult to estimate.  When discharge was high in the 
winter, in the absence of much additional NRE respiration, the upper NRE DIC concentrations 
were approximately 1mM and likely reflected the terrestrial input.  When discharge was high 
during the summer-fall period respiration, an additional 500µM was added to the DIC pool.  The 
increased POC concentrations could enhance the concentrations of DIC due to greater respiration 
or decomposition of the additional organic matter (Hellings et al., 2000).  At all other times, 
during mean (lower) discharge, the DIC distribution was swamped by DIC from saline water 
encroaching upstream.  The δ13C-DIC of the downstream-most endmember was 2‰ lighter that 
that predicted by the pure CO2 equilibration through the DIC speciation (Mook et al., 1974), 
indicating that seawater DIC flowing into the NRE on flood tides reflected some contribution of 
organic matter respiration on the order of 10% of the total pool DIC for all but two months was 
conservatively distributed in the estuary.   
Four processes affect DIC isotopic composition: 1) photosynthesis, 2) respiration, 3) 
dissolution of carbonate masses, and 4) CO2 exchanges at the water/atmosphere interface 
(Chanton and Lewis, 1999; Helie et al., 2002).  During photosynthesis, 12C-DIC is preferentially 
removed over 13C-DIC, enriching the residual δ13C DIC.  The opposite reaction occurs during 
respiration, with 13C-depleted organic carbon being respired thus decreasing δ13C DIC values.  
Carbonate dissolution and/or precipitation is negligible in the NRE.  Atmospheric CO2 exchange 
and DIC speciation will act to bring the δ13C-DIC to a value between 1-2‰.  Due to its large size 
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and the constant re-equilibration with atmospheric CO2, DIC concentrations can be relatively 
insensitive as an indicator of altered carbon source contributions and/or carbon processing 
(Aucour et al., 1999).  δ13C-DIC has proven more sensitive in other systems, demonstrating non-
conservative behavior, when DIC concentration appeared conservative (Druffel et al., 2005).  
There was no indication of non-conservative DIC or δ13C-DIC indicative of lateral inputs to the 
NRE; e.g. human or wetland derived carbon (Raymond et al., 1997; Middleburg and 
Nieuwenhuize, 1998; Neubauer and Anderson, 2007) as has been reported in other estuaries.  We 
found no evidence to support contributions of marsh DIC inputs to the NRE as has been reported 
in other systems with higher marsh to open water ratios (Raymond et al., 1997; Cai et al., 2000).  
In other systems, autotrophic drawdown of DIC was accompanied by isotopic enrichment of 
residual δ13C-DIC (Cifuentes et al., 1998; Tobias and Böhlke, 2011).  Such non-conservative 
deficits in DIC concentrations or enrichments in δ13C-DIC were never observed in the NRE, 
even during the periods of high autotrophy.  Instead, the subsidy of DIC and deficit in δ13C-DIC 
observed during some of these periods indicated that despite high levels of autotrophy in the 
summer-fall (high POC and high Chla), the NRE remained heterotrophic.  That heterotrophy 
could only be maintained by allochthonous inputs of organic carbon (e.g. terrestrially derived 
POC and DOC).    
DOC 
The New River is a black-water river rich in humics and tannins.  It supplies the NRE 
with a large amount of DOC that was 2-4 times larger than the POC input.  The DOC 
concentration range in the NRE compares reasonably well to concentrations found in other 
blackwater fed estuaries throughout the southeastern USA (Otero et al., 2003).  The mixing of 
riverine and marine waters is the dominant process for determining DOC distribution, as seen in 
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other blackwater and nonblack-water fed estuaries (Peterson et al., 1994).  Similar to the POC 
spatial distribution, DOC concentrations were higher at the head of the estuary compared to 
stations downstream, but the temporal changes in DOC were more closely tied to changes in 
river discharge than changes in POC distribution/inventory.  Wintertime low discharge periods 
were characterized by baseline 500-600µM DOC in the upper estuary.  This DOC likely 
represents a very terrestrially dominant source given the lack of Chla in the NRE at that time.  
Delivery of this terrestrial DOC during high discharge increased the DOC concentration in the 
upper estuary by a factor of two in the winter and by a factor of 2.5 in the summer.  The 
inventory of DOC began to increase by about 40% in the spring-summer regardless of discharge, 
reflecting additional inputs of DOC from the building phytoplankton stocks at that time 
(McKenna, 2004; Kaldy et al., 2005).  The high discharge events in Sept and in Feb 2011 both 
delivered additional terrestrial DOC.  However, the Sept 2011 event co-occurred with a period of 
high primary production.  The net result is that Sept 2011 DOC levels increased by about 20% 
more than the DOC increase observed after the February event, and this additional DOC was 
phytoplankton derived.  Without δ13C, or C:N  measurements in the DOC pool, we lack tight 
constraints on estimating autochthonous vs. allochthonous contributions to the DOC pool.  
Nevertheless, using the concentration differences in the spring summer vs. winter (higher Chla 
vs. lower Chla), we estimated that from Apr to Oct, 40% of the DOC pool was autochthonous 
during periods of low discharge, and 20% was autochthonous during high discharge.   
The DOC behaved non-conservatively (always DOC consumption) in half of the months 
measured.  However, unlike the POC where non-conservative behavior was limited to the late 
spring through fall periods when autotrophy was high, non-conservative DOC behavior was also 
observed in Feb and Mar when the DOC pool was likely to be almost solely of terrestrial origin.  
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The mixing curves indicated a small to moderate sink for DOC in the estuary.  Downstream 
DOC values reflected up to a 100µM deficit in POC in the lower estuary relative to 
concentrations predicted by conservative transport.  Based upon the shape of the mixing curves, 
approximately 14 to 25% of the DOC in the upper estuary in the winter and 20 to 40% in the late 
spring-fall was “consumed” during downstream transport prior to export (Officer and Lynch, 
1981).      
Two possible explanations for the non-conservative DOC “loss” include physical 
removal/sedimentation and microbial respiration (McKenna, 2004).  Both of these mechanisms 
have been invoked to explain DOC loss in numerous estuaries across a range of 
geomorphologies, and land uses (Middelburg and Herman, 2007; Fisher et al., 1998).  
Precipitation of freshwater DOC with increasing salinity in estuaries is common (Fisher et al., 
1998; Fox, 1983), but this typically occurs at the turbidity maximum which is upstream of the 
uppermost sampling station in the NRE.  Microbial degradation and subsequent respiration is 
more consistent with the observed the periods of DIC subsidy and non-conservative δ13C-DIC 
depletion in the late summer and fall.  Resolving the mechanism of DOC removal and whether 
specific sources of DOC (terrestrial vs. autochthous) were selectively removed is limited by the 
lack of additional characterization of compositional changes in the DOC pool. 
Synthesis 
Does the NRE fit the current estuarine paradigm with respect to carbon dynamics?  The 
current estuarine carbon paradigm suggests that estuaries are a net source of CO2 to the 
atmosphere (Cai, 2011) and that this carbon efflux is fueled by terrestrial and/or marsh carbon.  
Globally, the amount of carbon burial through settling and estuarine sediment accretion has been 
estimated on the order of ½ as much as the CO2 efflux and roughly on par with the amount of 
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carbon buried in intertidal marshes (Canuel et al., 2012; Hopkinson et al., 2012).  The work 
presented here does not provide a complete carbon mass balance for the NRE, but it does suggest 
that NRE differs from many of the estuaries used in the global compilations of Cai (2011) and 
Canuel et al. (2012).  Relative to these other systems, the NRE receives less terrestrially derived 
POC and potentially more DOC from the watershed.  These differences have the potential to 
alter the magnitudes of both burial and respiration of allochthonous C either up or down 
depending on the composition and lability of the POC and DOC.  Periods of POC processing in 
the NRE were tied to autochthonous production and terrestrially derived POC appeared relatively 
unaltered, although the possibility of co-metabolism of terrestrial C during phytoplankton 
blooms still exists.  Humic and tannin-rich DOC is typically regarded as recalcitrant to 
decomposition but non-conservative DOC loss was seen in the NRE during winter and early 
spring periods when the DOC pool was likely to be terrestrially derived.  The net result may be 
that terrestrial POC, albeit small relative to other systems, contributes primarily to the estuarine 
burial flux, while the autochthonous POC, DOC, and allochthonous DOC primarily fuel the 
respiration and CO2 efflux.  Further controlled mineralization experiments and compositional 
characterization of preserved sediment organic carbon would be required to test this hypothesis. 
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Appendix A1 – All Surface Water POC Mixing Plots 
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Appendix A1 – All Surface Water POC Mixing Plots 
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Appendix A2 – All Bottom Water POC Mixing Plots 
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Appendix A2 – All Bottom Water POC Mixing Plots 
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Appendix A3 – All Surface Water δ13C-POC Mixing Plots 
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Appendix A3 – All Surface Water δ13C-POC Mixing Plots 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
-35
-30
-25
-20
10 20 30 40
May‘12
δ
13
C-
PO
C 
‰
Salinity
55 
 
Appendix A4 – All Bottom Water δ13C-POC Mixing Plots 
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Appendix A4 – All Bottom Water δ13C-POC Mixing Plots 
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Appendix B1 – All Surface Water DIC Mixing Plots 
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Appendix B1 – All Surface Water DIC Mixing Plots 
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Appendix B2 – All Surface Water δ13C-DIC Mixing Plots 
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Appendix B2 – All Surface Water δ13C-DIC Mixing Plots 
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Appendix C – All Surface Water DOC Mixing Plots 
 
 
 
  
200
400
600
800
10 20 30 40
0
200
400
600
800
1000
1200
10 20 30 40
0
200
400
600
800
0 20 40
Feb ‘11 Mar ‘11 Apr ‘11
0
200
400
600
800
10 20 30 40
0
200
400
600
800
10 20 30 40
400
600
800
1000
10 20 30 40
May ‘11 Jun ‘11
Jul‘11
0
200
400
600
800
1000
10 20 30 40
200
400
600
800
1000
1200
10 20 30 40
400
600
800
1000
1200
10 20 30 40
Aug‘11 Sep‘11 Oct‘11
200
400
600
800
10 20 30 40
0
200
400
600
800
10 20 30 40
0
200
400
600
800
10 20 30 40
Nov‘11 Dec‘11 Jan‘12
Salinity
Salinity
Salinity
SalinitySalinity Salinity
Salinity Salinity
SalinitySalinity
Salinity Salinity
D
O
C
 
µ
M
D
O
C 
µ
M
D
O
C 
µ
M
D
O
C 
µ
M
D
O
C
 
µ
M
D
O
C
 
µ
M
D
O
C 
µ
M
D
O
C 
µ
M
D
O
C 
µ
M
D
O
C
 
µ
M
D
O
C
 
µ
M
D
O
C
 
µ
M
62 
 
Appendix C – All Surface Water DOC Mixing Plots 
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Appendix D1 – Table of All Surface C:NPOC 
 
 
SURFACE C:NPOC1 
Month Station Salinity C:N Month Station Salinity C:N 
Apr 2011 1 29.17 6.253 Nov 2011 1 34 7.156 
  2 24.3 5.461   2 29.72 7.210 
  3 20.27 6.277   3 23.79 6.360 
  4 17.11 7.163   4 22.3 6.375 
  5 14.83 8.367   5 21.22 7.382 
  6 13.05 8.635   6 20.65 7.637 
  7 11.64 7.475   7 20.24 7.794 
  8 13.52 6.319   8 19.97 7.590 
May 2011 1 33.72 6.552 Dec 2011 1 34.36 6.396 
  2 33.65 6.254   2 32.61 4.880 
  3 28.8 7.495   3 24.26 5.870 
  4 25.49 6.486   4 20.73 6.898 
  5 19.97 6.920   5 19.32 7.411 
  6 17.41 6.702   6 16.19 7.676 
  7 15.99 6.638   7 17.6 7.420 
  8 16.11 8.058   8 18.7 8.442 
Jun 2011 1 33.86 6.131 Jan 2012 1 35.48 9.274 
  2 32.09 5.320   2 35.5 9.952 
  3 27.57 5.973   3 30.55 6.805 
  4 23.36 6.479   4 25.54 6.347 
  5 20.12 6.737   5 21.46 7.543 
  6 18.93 6.519   6 20.42 7.031 
  7 18.63 6.526   7 19.76 6.698 
  8 18.17 6.931   8 19.97 6.675 
Jul 2011 1 35.06 5.581 Feb 2012 1 32.84 8.132 
  2 33.59 5.487   2 30.43 8.596 
  3 30.47 5.201   3 27.16 6.435 
  4 27.47 5.978   4 24.94 6.359 
  5 24.61 6.743   5 23.89 6.603 
  6 24 6.641   6 22 7.266 
  7 22.77 6.940   7 23.1 5.949 
  8 23.02 6.878   8 23.28 6.250 
 
 
 
 
1The red values are unacidified C:NPC values and are equivalent to C:NPOC for stations upstream of station 3. 
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Appendix D1 – Table of All Surface C:NPOC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
1The red values are unacidified C:NPC values and are equivalent to C:NPOC for stations upstream of station 3.  
SURFACE C:NPOC1 
Month Station Salinity C:N Month Station Salinity C:N 
Aug 2011 1 36.43 6.725 Mar 2012 1 29.99 6.254 
  2 35.97 6.027   2 27.75 5.921 
  3 32.43 5.540   3 24.69 5.340 
  4 27.13 5.487   4 21.44 6.433 
  5 24.65 6.591   5 16.01 6.083 
  6 24.99 6.768   6 13.41 5.792 
  7 24.29 6.992   7 14.59 5.212 
  8 23.23 6.760   8 15.15 5.788 
Sept 2011 1 35.9 6.188 Apr 2012 1 32.3 6.795 
  2 34.54 6.171   2 30.17 6.748 
  3 20.99 6.269   3 25.47 6.162 
  4 16.46 7.005   4 22.14 6.286 
  5 13.72 5.886   5 20.01 5.891 
  6 11.46 5.581   6 19.08 6.293 
  7 12.01 5.827   7 16.66 6.328 
  8 10.73 5.728   8 18.37 6.067 
Oct 2011 1 29.91 5.563 May 2012 1 35.44 8.471 
  2 27.67 5.288   2 34.5 7.157 
  3 23.69 5.185   3 29.17 5.526 
  4 20.37 5.254   4 25.22 6.077 
  5 17.02 5.184   5 21.66 5.457 
  6 16.49 5.230   6 19.23 5.962 
  7 14.48 5.055   7 17.89 5.968 
  8 15.41 5.328   8 18.8 6.169 
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Appendix D2 – Table of All Bottom C:N 
 
 
BOTTOM C:N 
Month Station Salinity C:N Month Station Salinity C:N 
Apr 2011 1 29.85 6.816 Nov 2011 1 34.3 6.194 
  2 28.7 6.471   2 32.24 6.235 
  3 23.59 5.670   3 24 5.516 
  4 18.55 7.522   4 22.59 5.789 
  5 14.9 8.413   5 21.22 5.719 
  6 13.85 7.136   6 20.65 5.890 
  7 13.5 7.614   7 20.3 5.576 
  8 13.52 6.390   8 19.97 5.818 
May 2011 1 34.36 7.151 Dec 2011 1 34.33 7.335 
  2 33.58 6.358   2 34.56 6.956 
  3 28.65 7.534   3 28.4 6.759 
  4 25.98 6.286   4 27.5 5.860 
  5 20.09 6.941   5 23.81 5.924 
  6 17.54 6.818   6 19.76 5.289 
  7 16.06 7.004   7 19.21 5.684 
  8 16.12 6.996   8 20.12 5.952 
Jun 2011 1 33.89 6.477 Jan 2012 1 35.47 5.417 
  2 32.26 5.831   2 35.5 5.932 
  3 29.06 5.330   3 30.97 5.580 
  4 25.95 6.131   4 30.95 6.002 
  5 21.46 6.387   5 27.26 6.423 
  6 18.95 6.416   6 22.32 6.844 
  7 18.68 6.331   7 20.29 6.804 
  8 19.57 6.642   8 23 6.631 
Jul 2011 1 35.16 7.013 Feb 2012 1 33.33 6.125 
  2 33.5 6.219   2 31.42 5.785 
  3 30.87 5.632   3 28.52 4.832 
  4 28.64 5.549   4 26.77 4.883 
  5 25.95 5.934   5 24.12 5.476 
  6 24.05 6.506   6 23.52 5.221 
  7 22.92 6.660   7 23.74 5.238 
  8 23.22 6.822   8 23.91 5.539 
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Appendix D2 – Table of All Bottom C:N 
 
 
BOTTOM C:N 
Month Station Salinity C:N Month Station Salinity C:N 
Aug 2011 1 36.46 5.921 Mar 2012 1 31.21 5.612 
  2 35.93 5.281   2 28.79 5.970 
  3 32.44 4.648   3 26.65 5.458 
  4 31.45 5.168   4 24.31 6.113 
  5 28.53 5.089   5 21.66 5.687 
  6 26.36 5.570   6 16.61 5.297 
  7 24.94 5.279   7 16.52 5.182 
  8 23.53 5.441   8 18.97 5.435 
Sept 2011 1 35.95 5.510 Apr 2012 1 32.25 6.575 
  2 34.75 5.780   2 30.14 6.417 
  3 25.34 5.515   3 25.46 5.986 
  4 24.03 6.299   4 22.56 6.024 
  5 18 5.512   5 20.09 5.633 
  6 11.97 4.980   6 19.08 5.856 
  7 13.26 5.046   7 18.25 6.226 
  8 13.93 4.909   8 18.35 5.789 
Oct 2011 1 32.03 6.361 May 2012 1 35.46 7.931 
  2 27.89 6.233   2 34.6 6.408 
  3 25.24 5.612   3 29.71 6.231 
  4 22.17 5.683   4 27.34 7.537 
  5 18.7 5.019   5 25.47 6.404 
  6 16.54 5.282   6 19.26 6.318 
  7 15.03 4.803   7 17.94 5.478 
  8 15.61 4.892   8 19.57 6.056 
 
